Molecular epidemiologic studies of infectious pathogens 1) generate genetic patterns from a collection of microorganisms, 2) compare the degree of similarity among these patterns, and 3) infer from these similarities infectious disease transmission patterns. The authors propose a quantitative approach using genetic distances to study the degree of similarity between patterns. Benefits of such genetic distance calculations are illustrated by an analysis of standard DNA fingerprints of Mycobacterium tuberculosis in San Francisco collected during the period 1991-1997. Graphical representation of genetic distances can assist in determining if the disappearance of a specific pattern in a community is due to interruption of transmission or ongoing evolution of the microorganism's fingerprint. Genetic distances can also compensate for varying information content derived by DNA fingerprints of contrasting pattern complexity. To study demographic and clinical correlates of transmission, the authors calculated the smallest genetic distance from each patient sample to all other samples. With correlation of genetic distances and nearest genetic distances with previously understood notions of the epidemiology of M. tuberculosis in San Francisco, factors influencing transmission are investigated. Am J Epidemiol 2000; 151:324-34.
The recent development of molecular fingerprinting has helped to provide a more refined understanding of infectious disease epidemiology (1, 2) . However, this approach is contingent upon the polymorphism of the marker system and on the rate at which detectable change occurs. The degree and nature of measurable polymorphism and the rate(s) and nature of genetic fingerprint change are, of course, not independent and vary according to the organism and typing system used. Therefore, rules, such as identical genotypes' constituting convincing evidence that the isolates are recent progeny from a common progenitor (and thus Likely to represent disease transmission), cannot be applied in a blanket manner. Interpretation of fingerprints should be tailored to the organism and typing method under study.
Currently, there are two major applications of genetic fingerprints in epidemiologic investigation. One is the study of outbreaks, where investigation of patients aims to classify whether they are involved in a recent chain of transmission with other cases (3) . In this instance the analysis is performed at the level of the individual and/or outbreak and attempts to determine the extent and disposition of an outbreak. It is generally assumed that the disappearance of a genotype indicates interruption of transmission. However, a pattern may disappear as a consequence of genetic pattern evolution. The latter would be supported by evidence demonstrating very similar patterns arising as time passes, especially when other epidemiologic information is consistent with continued opportunity for transmission.
The other realm of epidemiologic studies that employ genetic fingerprints involves population-level studies, which aim to define risks for transmission using demographic, clinical, or temporal variables (4, 5) . In such studies, the specific goal is to determine the degree of recent transmission and which subpopulations are involved in chains of transmission. In order to better define risk groups who may benefit from preventative measures, collections of identical genetic fingerprints, termed clusters, have been used as a proxy for epidemiologic links (5) (6) (7) (8) (9) . While some investigators have chosen the strict criterion of identical fingerprints for admission into a cluster, the observation of evolving fingerprints in epidemiologically defined outbreaks has led others to suggest that tolerance for subtle changes in the cluster fingerprint be permitted (10) (11) (12) (13) . Similar fingerprints are clustered in a variety of manners in molecular epidemiologic stud-
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ies, not all of which are systematic and reproducible from their descriptions in the literature.
In the specific example of Mycobacterium tuberculosis, the standardized method of generating fingerprints exploits the variability in both number and location of insertion sequences (IS6770) within the genome (14) . Identical 1S6110 patterns have been considered by some to lack sensitivity when clustering is restricted to identical fingerprints (15) , while others have noted a lack of specificity where the number of insertion sequences is few (16) (17) (18) (19) . Empirically we have observed subtle alterations in IS6770-based fingerprints in patients with positive cultures separated by greater than 90 days (20) and, in such individuals, DNA fingerprints can be identical with two different cluster patterns. Conversely, it has been noted that simple patterns, such as two-copy 1S6110 fingerprints, have remained unaltered in San Francisco over greater than 6 years; only by using additional genotyping techniques has it been possible to demonstrate the genetic unrelatedness of many of these low-copy isolates (Jeanne T. Rhee, Stanford University, unpublished manuscript).
We submit that clusters of identical IS6110 fingerprints are not the ideal unit of measurement to describe recent transmission of M. tuberculosis. We further suggest that study of the correlation of the closeness of genetic fingerprints with traditional epidemiology may allow us to develop more useful outcome measures than the dichotomous outcome of genetic identity. We describe the derivation of two variables, specifically the genetic distance (gd) and the nearest genetic distance (ngd), and present both illustrative examples and an analytical approach to their potential roles in assisting in the interpretation of molecular epidemiologic studies.
MATERIALS AND METHODS

Theoretical considerations
A genetic distance is a measurement of two genotypes that characterizes the difference between them; genetic distance is therefore a property of a pair of genotypes. We describe the following three (A-C) features that we desire our genetic distances to have:
Feature A. The genetic distance should grow larger as more evolutionary time passes. Ideally, we would like to be able to measure precisely the time that two samples have been evolving independently. Were we able to measure evolutionary time, we could pinpoint the time of the most recent common ancestor for every pair of samples. We hope to obtain genetic distances that correlate well enough with evolutionary time to complete meaningful studies. Many phenomena arise to challenge this first desirable feature of genetic distances; three of note are 1) genotypic changes that occur in a quantum fashion, not gradually, 2) variable rates of change, and 3) occasional convergence of patterns due to coincidental fragment lengths in fragment-based genotypes.
Feature B. The genetic distance we assign should reflect the expectation time for one pattern to change to another. The distance assigned two identical genotypes should depend on the rate(s) at which changes are thought to accumulate. This suggests that we construct a model of fingerprint change from which we deduce the expectation time for the evolutionary time separating two samples.
Feature C. Identical pairs of patterns should not be assigned zero genetic distance. As given above, a genetic distance should reflect the total time two samples have evolved independently; this should be true for identical genotypes as well. Our best guess when we obtain two identical patterns is not that they diverged the instant they were observed, but at some time in the past; only as the rate of change approaches infinity should we assign zero distance to identical genotypes. Now we consider genotypes specifically based on DNA fragment lengths. Under the simplistic assumption that fragments evolve independently, we expect that, on average, the more fragments, the more opportunities for change there are in a given time period. That is, specifically considering IS6110 fingerprints, we will assume that a pattern with 20 copies of IS6110 changes at twice the rate of a pattern with 10 copies of IS6110. Given some rate of change for fragments (rates for additions and deletions of fragments, for example), we can calculate the expectation time for a pattern to change by one event Furthermore, if we assume that a set of fragment change events relates one pattern to another, we can sum the expectation times for the events and use this as the genetic distance. Such a calculation is described in the Appendix, in which a very simple model is used to approximate IS6110 pattern changes. Pattern changes are considered independent exponentially distributed events. Thus, the expectation time for each event is l/X, where X is the rate calculated for that event.
Although the details of the model described are assumptions underlying our further analysis of genetic distances in the example application to M. tuberculosis fingerprinting, the notion that fingerprints with more fragments evolve faster than fingerprints with fewer fragments is not arbitrary. Lacking detailed evidence to the contrary, a model in which rates of change increase with the number of observed fragments is both parsimonious and, in this application, supported by an analysis of the data.
We observe that fragments in fingerprints do indeed appear and disappear; we infer that fragments have a non-zero probability of changing over time. Further, we note that when a fragment appears or disappears, other fragments in the fingerprint do not necessarily change. We lack specific evidence for the exact dependencies between fragments but note that fragment additions and losses are not perfectly correlated. Thus, we infer that, if we observe a pattern of many fragments and a pattern of few fragments, we are more likely to see a change in the pattern of many fragments before a change in the pattern of few fragments, than vice versa. This is a probabilistic inference; we may be wrong in any particular instance (including IS6110 typing, we humbly admit), but faced with many such situations, we believe our reasoning is sound.
Further support for increasing rates of fingerprint change with increasing IS6110 copy number is provided by the following method. For each pattern not preceded by an identical pattern, all possible parental patterns removed by one addition or deletion event were identified. These were assigned probable parenthood equally; if only one possible parent was found, it was simply assigned one daughter pattern for the fingerprint investigated. Then, for each copy number category, the changed-daughter patterns were summed (including fractional responsibility, for the ambiguous cases). The number of identical patterns for each copy number category was also counted. We constructed the proportion of putatively changed daughters for each copy number (/') category: C, = changed-daughter patterns / (identical patterns + changed-daughter patterns)
The left-hand side is a different calculation for each copy number category. We regress this proportion, C,, on copy number, i.
Genetic distances (gd)
In a previously published work from this laboratory, 49 patients with isolates collected more than 90 days apart had both isolates fingerprinted (20) . For 40 of these patterns that appeared related, classification was performed by the number of addition/deletion events (zero, one, or two events) required to transform the earlier fingerprint into the later fingerprint (data not shown). Based on the sampling interval between the two isolates, it was possible to estimate a mean rate of addition/deletion events of 0.0037, or 3.7 changes per 1,000 band-months of observation. Given this rate constant and the model presented in the Appendix, an estimated value for the total time two isolates have evolved independently is calculated. These values are plotted for identical fingerprints of differing numbers of copies of 1S6110, as well as genetic distances of 25 copy strains sharing 1-25 copies of IS6110 identity.
Next, using the Align-and-Count automated fingerprint comparison system (21) To investigate whether a case likely belongs to a pattern of recent transmission, we plotted the genetic distance between a case and all other cases over the 6-year interval for a number of representative patterns.
Nearest genetic distance within 24 months (ngd24)
Of all the genetic distances from an individual patient, the single lowest value obtained in the interval of time from 24 months prior to until 24 months subsequent to diagnosis was obtained. This quantity we call the nearest genetic distance 24 (ngd24). This 24-month cutoff was chosen for empirical and theoretical reasons, as about half of disease occurs within 24 months of infection, and this assumption has been incorporated into other analytical approaches to understanding tuberculosis (22, 23) . Therefore, a small genetic distance between two isolates obtained many years apart is not consistent with the concept of recent transmission. For each case in the period 1992-1996, an ngd24 value was defined for cases in the period 1991-1997. This comparison scheme was used to soften the edge effects in our distribution of ngd24 values. For example, without this comparison scheme, a typical case at the beginning of the sampling period (1992), resulting from a case prior to 1992, would be assigned a large ngd24 value. Thus, for patients diagnosed in 1993-1995, comparison was possible to 24 months before and after diagnosis; cases from 1992 or 1996 had only 12-24 months of other cases for ngd24 comparisons. Nevertheless, a majority of nearest genetic distance values are identified in cases within 12 months of the target cases (data not shown).
Statistical analysis of epidemiologic variables influencing the ngd24 values was performed using SAS software (Version 6.12; Statistical Analysis System, Cary, North Carolina). First, demographic and epidemiologic variables were compared with a categorical result of ngd24 <30 or >30. Variables found significant on bivariate analysis were studied by multivariate logistic regression, looking for independent predictors of a low ngd24. Because previous studies have observed a different epidemiology in the US-bora and foreign-bom populations (5, 24) of San Francisco, we performed separate multiple regression analyses for US-bom cases and foreign-bom cases.
Genetic distances below a value of 30 for pairs of isolates from cases diagnosed within 24 months were taken to be a proxy for epidemiologic links. Sets of fingerprints connected by such links were calculated. The method applied is that described for automated clustering in the paper by Salamon et al. (21) , with the exception that in this study the criterion for a putative link (connectedness of the fingerprints) was not simply perfect matching of the fingerprints but instead genetic distance and date of diagnosis criteria. Another set of clusters was generated using identical fingerprints within 24 months as the putative link rule, for the purpose of comparison with the low genetic distance clusters.
RESULTS
Support for model
Analysis of the proportions of close patterns that are different and identical was consistent with the assumption that, on average, fingerprints change more rapidly when they contain more IS6110 copies. Consider what happens as fingerprints evolve in a stepwise fashion more rapidly with increasing copy number; a higher proportion of transmitted patterns will be nonidentical, similar patterns as the rate of change increases. Indeed, when we regress C, on copy number, i, we find that the slope is positive and significant (p = 0.0008). The latter calculation is for copy numbers 1-22 inclusive. If we limit this to copy numbers 5-22 (as it has been suggested that low copy number patterns exhibit unusual stability), we still find evidence consistent with our assumption; that is, the positive slope remains significant for this reduced data set (p -0.0258).
Genetic distances
Genetic distances for fingerprints with perfect matches are plotted as a function of the number of copies of 1S6110 (figure 1). It can be seen that the minimum possible genetic distance (for identical fingerprints) grows rapidly as the copy number decreases; this predicts that specificity for recent transmission should fall sharply with decreasing copy number. This effect is marked in isolates with fewer than five copies of IS6110. Consequently, even identical fingerprints with fewer than five copies of IS6110 do not constitute genetic evidence for recent transmission of M. tuberculosis. Genetic distances for partial matches between fingerprints with 25 copies of IS6110 are presented in figure 2 . It can be seen that matching 24 of 25 copies indicates an extremely low genetic distance, slightly lower than the genetic distance of two identical patterns resulting from 10 copies of IS6110.
The frequency distribution of genetic distance (gd) values for all pairwise comparisons was investigated. The median gd is 371.6. Only 0.16 percent of genetic distances fall below 30. A value of 30 was chosen as a cutoff because it lies between the values for identical fingerprints with five 1S6110 copies and identical fingerprints with four IS6110 copies, and because it is a convenient cutoff value for plotting. We suggest that the usefulness of a genetic distance of 30 (months) is not coincidental; the calibration of genetic distance in months (X = 0.0037/month) and the notion that fast progression to disease and recent transmission occur within roughly 2 years yield concordant results. Every pair of fingerprints with greater than four fragments, and for which all fragments are found to match, will be assigned a genetic distance less than 30 when performing automated matching. We also wish to compare the genetic distance results with wellestablished visual inspection matching. In strong contrast to the overall distribution, genetic distances below 30 account for over 74 percent of the frequency distribution of all pairs of cases within the same visually defined cluster ( figure 3) . Conversely, the distribution of all pairs that are not within the same visually defined cluster mirrors the distribution of the entire population (figure 4). Genetic distances <30 are calculated for only 0.07 percent of such comparisons. Figure 5 presents the relation of individual cases to the rest of the San Francisco cases, from the perspective of bacterial isolate genetic fingerprints. The genetic distance from a specific case to all other cases is plotted against the time interval between the diagnoses of cases. These figures are restricted to comparisons between cases with five copies or more of IS6110 because of the observed poor specificity of low-copy fingerprints. Figure 5A represents a typical unique case, with no case having a low genetic distance during the 6-year study period. In figure 5B , a genetic dlstanca . A case with a very similar, but not identical, fingerprint preceding it by less than a year defines a plot that looks much like that defined by the clustered case (C). In the last case presented, a number of other cases give genetic distance values dearly lower in value than most of the data points plotted (D). Of the six subsequent cases with low genetic distances from this index case, three identical patterns give a very tow genetic distance within a year, followed by three slightly altered patterns, with corresponding slightly larger genetic distances.
Exploratory data analysis with genetic distances
classically clustered case is seen to have large genetic distances with all other cases in San Francisco save one, who was diagnosed within several months of the referent case. Figure 5C appears identical to 5B, except that in this instance an undustered case is presented for whom there is a clear outlier with a low genetic distance. This outlier was also classified as undustered because there was one band difference between these 16-and 17-copy isolates; genetic distances and the temporal relation suggest a likely transmission link between the two. Figure 5D shows cases previously assigned to one cluster followed by cases with similar nonidentical patterns; in this example, although the identical-fingerprint cluster has ended before the later cases, genetic distances suggest that the transmission chain is ongoing with an evolving DNA fingerprint.
Investigation of transmission patterns with nearest genetic distances
The ngd24 value calculated for visually clustered fingerprints is almost always <30 (figure 6). Fingerprints not visually clustered usually exhibit an ngd24 greater than 30; however, a portion of these nearest genetic distances is just as close as is calculated for the clustered cases ( figure 6 ).
The distribution of ndg24 values for all cases in San Francisco reveals that, for more than 41 percent of the cases, there is at least one other case with a genetic distance of less than 30. For more than 57 percent of bacterial fingerprints from cases born in the United States, an ngd24 value of 30 or lower is calculated ( figure 7A ), contrasting strongly with the frequency distribution of ngd24 for foreign-born cases (figure 7B), in which 31 percent of values fall at or below 30. In addition, among samples not in the range of 30 and below, the shape of the two distributions contrasts. For the portion of the distributions to the right of 30, the US-born cases tend to result in quite large ngd24 values, whereas foreign-born cases tend to exhibit ngd24 values in an intermediate range.
Statistical analysis of ngd24 values
We examined the influence of the following variables on low ngd24 values: age of the patient at diagnosis, racial background of the patient, sex of the patient, whether the patient was born in the United States, and the human immunodeficiency virus (HTV) status of the patient. Table 1 shows that on bivariate analyses, low ngd24 values (below 30) are associated with US birth, younger age, HTV positivity, male sex, and Black race. In table 2, it is seen that in the US-born stratum, a low ngd24 value is associated only with decreasing age and Black race (as compared with the referent category, "other race"). For foreign-born cases, the only variable significantly associated with a low ngd24 value was HTV positivity (table 3) .
Clusters defined using a genetic distance cutoff value
Clusters were constructed from 1,264 fingerprints exhibiting five or more fragments during the sampling period 1991-1997. Using the previously described cri- 
DISCUSSION
The observed temporal instability in IS6110 fingerprint patterns demands that we assess the degree of similarity between IS6110 DNA fingerprints for molecular epidemiologic studies. This raises the possibility that the use of identical matches for tracing tuberculosis transmission lacks sensitivity, in that evolution of the patterns will result in nonmatches, creating the misperception that transmission has been interrupted.
The use of ad hoc rules in clustering, allowing some small number of changes between fingerprints, is problematic. Such approaches to fingerprint analysis often cannot be systematized, since the order in which fingerprints are analyzed will alter the sets of patterns defined. Furthermore, many such rules do not incorporate the varying numbers of DNA fragments. Lastly, these approaches lead to results difficult to compare across different studies. We have devised a genetic distance that is modeled on our rudimentary understanding of 1S6110 biology. This value meets our criteria of 1) increasing as evolutionary time passes, 2) reflecting the expectation time for one pattern to change to another, and 3) differing even between identical patterns. These genetic distance data are amenable to mathematic analysis and allow one to compare similarity among fingerprints with very different numbers of IS6110 hybridizing bands.
A graphical presentation of the genetic distances calculated between one case and all others in a study sample dramatically identifies when a number of isolates exhibit very similar fingerprints, suggesting the involvement of the case in recently transmitted infections. This graphical analysis further demonstrated that the disappearance of a specific fingerprint pattern from a population monitored with molecular epidemiologic techniques did not reflect an interruption in transmission but, rather, the evolution of a pattern ( figure 5D ).
Statistical analyses of the risk factors for exhibiting a low ngd24 value lead to similar conclusions regarding the transmission dynamics of tuberculosis in San Francisco as do analyses of identical-fingerprint clusters as applied in a more conventional approach (5). Our preliminary analysis further suggests that the shapes of ngd24 distributions defined within a population will be informative, hi San Francisco, these distributions are consistent with twofold more recent transmission among US-born cases than among foreign-bom cases. However, the portions of the distributions above 30 are consistent with more transmission in recent decades (but not very recent) in the foreign-born group than in the US-born group. This we suggest because some pattern evolution has occurred among the foreign-born cases (ngd24 values somewhat larger than 30), whereas US-born cases tend to have either a close fingerprint (ngd24 value less than 30, suggesting recent transmission) or no close fingerprint (ngd24 value definitely larger than 30, suggesting no evidence for historical transmission). Alternatively, the differences between the ngd24 profiles above 30 could be explained if IS6110 pattern diversity is more limited among the foreign bom than among the US born by some (unknown) biologic phenomenon.
Automated clustering was performed using the following two rules: putative links were defined as either the observation of fingerprints with a genetic distance of 30 or lower within 24 months or the observation of identical fingerprints within 24 months. Although more fingerprints were clustered with the genetic distance rule, much of this increase was seen in the foreign-born cases. The discrepancy in the proportion of clustered foreign-born cases is consistent with the fact that high 1S6110 copy number fingerprints dominate the foreign-born samples in the San Francisco data (data not shown). We suggest that it is exactly these fingerprints that tend to misclassify more recently related cases as unrelated when applying the identical fingerprint rule. We seek to mitigate such artifacts of the rules used to suggest putative epidemiologic links from genetic fingerprint data. Constructing better genetic distances and rules for assigning putative links we hope has brought us closer to this goal.
We acknowledge that we present no outbreak or contact investigation to confirm or refute the useful-
